Polymer electrolytes based on polyvinyledene fluoride (PVdF) and ammonium fluoride (NH 4 F) have been prepared and characterized. Films of polyvinyledene fluoride and ammonium fluoride have been prepared by solution casting technique using tetrahydrofuran (THF) as a solvent. Maximum conductivity of 1.17 x 10 -7 S/cm at room temperature has been obtained for polymer electrolytes containing 10wt% NH 4 F. The conductivity of polymer electrolyte has been increased by three orders of magnitude from 10 -7 to 10 -4 S/cm with the addition of dimethylformamide (DMF) as plasticizer. The increase in conductivity has been explained to be due to the dissociation of undissociated salt/ion aggregates present in the polymer electrolytes with the addition of high dielectric constant plasticizer (DMF). Maximum conductivity of 1.26 x 10 -4 S/cm has been observed for plasticized polymer electrolytes. The variation of conductivity with temperature suggests that these polymer electrolytes are thermally stable and small change in conductivity with temperature is suitable for their use in practical applications like solid state batteries, fuel cells, electrochromic devices, supercapacitors etc.
INTRODUCTION
Polymer electrolytes are important category of superionic conductors, which gained importance because of their applications in different solid state ionic devices. Research on polymer electrolytes started in early seventies, when complexation of alkali metal salts (MX) with high molecular weight polyethylene oxide (PEO) have been reported in 1973 1 , but these materials became important only when their technological significance as electrolytes for solid state batteries was highlighted by Armand et al., in 1978 2 . These materials are interesting due to their special properties like ease of preparation in different shapes and forms, wide range of composition and hence wider control of properties, good electrode-electrolyte contact etc. [3] [4] [5] [6] [7] . These electrolytes are extensively studied with various alkali metal salts, divalent metal salts and transition metal ions, silver salts etc. due to their potential use in various solid state ionic devices [8] [9] [10] . Similarly proton conducting polymer electrolytes based on PEO and various ammonium salts have also been extensively studied due to their potential applications in batteries, sensors, electrochromic devices, fuel cells etc. [11] [12] [13] [14] [15] [16] [17] . However the complexation of polymer with fluoride salts has not been studied due to the insolubility of simple fluorides. Only a few reports on the polymer electrolytes based upon fluoride salts exist in the literature 14, 15, [18] [19] . As PEO is more crystalline in nature so their electrolytes posses low ionic conductivity at room temperature, which limits its use in practical applications. Various attempts have been made to increase the conductivity of these electrolytes. The conductivity of polymer electrolytes can be increased either by using of polymer which is amorphous or by additing plasticizer [20] [21] [22] . The addition of plasticizer has been reported to result in an increase in amorphous content alongwith a decrease in the glass transition temperature [14] [15] [16] [23] [24] [25] [26] . Studies on the variation of conductivity of polymer electrolytes with salt concentration has been reported to show the presence of ion aggregates at higher salt concentrations, which do not take part in the conduction process 15, 23, [27] [28] [29] . The dissociation of ion aggregates shall also result in an increase in the number of free ions, which results in an increase in conductivity. Generally solvents like PEG, PPG etc. are used as plasticizers which result in an increase in amorphous content alongwith a decrease in the glass transition temperature of the polymer electrolytes. As it has been observed that ion aggregates are present in polymer electrolytes at higher salt concentration are dissociated with the addition of high dielectric constant plasticizer and hence the conductivity increases [14] [15] [16] [30] [31] [32] [33] [34] . Polyvinylidene fluoride (PVdF) which is an amorphous polymer with dielectric constant (e= 8.4) has been used in the present paper. Films of PVdF and PVdF+NH 4 F for different concentrations of salt were prepared by solution casting technique using tetrahydofuran (THF) as solvent. Dimethylformamide (DMF) with high dielectric constant (e= 36.7) has been used as a plasticizer. The variation of conductivity of polymer electrolytes as a function of salt concentration, plasticizer concentration and temperature has been studied.
MATERIALS AND MATHODS
Polyvinylidene fluoride (PVdF) (Fluka), dimethylformamide (DMF) (Merck), ammonium fluoride (NH 4 F) (Reidel) and tetrahydrofuran (THF) (Merck) has been used as the starting materials. Polymer electrolytes in the film form were prepared by solution casting method with THF as the solvent. Ammonium fluoride in stoichiometric quantities was dissolved in THF and then PVdF was added to it and the mixture was stirred to obtain a homogenous solution. The homogenous solution thus obtained was then poured into polypropylene dishes and the solvent was allowed to evaporate and free standing polymer electrolyte films were obtained.
The transparent films having thickness ~100 microns were used for various experimental studies. The conductivity was measured by complex impedance spectroscopy with HP4284A precision LCR meter operating in the 20Hz -1MHz frequency range using a sample holder with silver/platinum electrodes [14] [15] [35] [36] [37] [38] [39] .
RESULTS AND DISCUSSION
The variation of conductivity of PVdF+NH 4 F polymer electrolytes as a function of salt concentration is shown in Figure 1 . From Figure 1 , it has been observed that conductivity increases with an increase in salt concentration, reaches a saturation value and even a small decrease in conductivity is observed at higher salt concentrations. Maximum conductivity of 1.17x10 -7 S/cm at room temperature has been obtained for polymer electrolytes containing 10wt% NH 4 F. At low salt concentrations, the conductivity increases linearly and salt is assumed to be completely dissociated and nearly all ions are available for conduction. With further increase in salt concentration, the conductivity shows a deviation from linear behavior, reaches a maximum value and then shows a small decrease with the addition of salt. The deviation in linearity of the plot at medium salt concentration values is generally explained to be due to the formation of ion aggregates, which do not take part in the conduction process. At higher salt concentrations, the formation of ion aggregates increases and conductivity attains a saturation value. But with the addition of salt, the viscosity of polymer electrolytes also increases due to complexation of salt with polymer, which reduces the mobility and hence conductivity decreases [14] [15] [16] [17] .
The presence of ion aggregates at higher salt concentrations can be checked on the basis of 'mass action consideration' 40 . According to this method, if ó is the conductivity of the polymer electrolyte and C is the concentration of salt, then a linear variation between log σ and log C shows that ion aggregates are not present and any deviation from linear variation suggests the presence of ion aggregates [41] [42] [43] [44] [45] . Figure 2 shows the variation of log σ and log C for PVdF + xNH 4 F polymer electrolytes. In Figure 2 , a linear variation is observed at low salt concentrations (0-10wt%), which suggests that ion aggregates are not present in this concentration range. But at higher salt concentration (> 10 wt%), a deviation from the linear behaviour is observed, which suggests that ion aggregate formation takes place and these results are in good agreement with the results of conductivity variation with salt concentration as given in Figure 1 . The maximum conductivity observed for these polymer electrolytes is 1.17x10 -7 S/cm, which is very small for their use in practical applications. The conductivity of these electrolytes should be increased by two to three orders of magnitude for their use in practical applications. It can be achieved either by using a polymer which is amorphous in nature or by adding a suitable plasticizer to the polymer electrolytes as the amorphous phase in polymer-salt type polymer electrolytes is the high conducting phase, so an increase in amorphous content of these polymer electrolytes shall result in an increase in conductivity. So, highly amorphous polymer (PVdF) and high dielectric constant plasticizer (DMF) (e = 36.7) have been used in the present study.
The effect of addition of DMF on the conductivity behaviour of PVdF + NH 4 F polymer electrolytes was studied for polymer electrolytes containing 30 wt% NH 4 F. This salt composition was in the high salt concentration region and was choosen due to presence of undissociated salt as well as ion aggregates. The conductivity of plasticized polymer electrolytes was measured as a function of DMF concentration (wt% of polymer) and the results obtained are shown in Figure 3 . From Figure 3 it has been observed that with the addition of DMF the conductivity increases initially, then reaches a saturation value and even a small decrease is observed at still higher plasticizer concentrations. The conductivity of polymer electrolyte increases by nearly three orders of magnitude (i.e. from 10 -7 to 10 -4 S/cm) with the addition of DMF. Maximum conductivity of 1.26x10 -4 S/cm at room temperature has been observed at 80wt% DMF. At low DMF concentration, the rise in conductivity is large which could be explained to be due to the dissociation of ion aggregates/undissociated salt present in the electrolyte in addition to an increase in the amorphous content. As the plasticizer content is further increased (upto 80wt%), the conductivity does not show an increase at the same rate and reaches a saturation value at higher plasticizer (DMF) concentrations. As the salt concentration in the electrolyte is kept constant (30 wt%), so initially undissociated salt/ion aggregates gets dissociated but with an increase in concentration of DMF, the amount of undissociated salt/ion aggregates decreases and hence the rate of increase in conductivity is not same and shows a saturation value at higher salt concentrations.
The role of DMF in the dissociation of undissociated salt and ion aggregates was also studied by adding fixed amount of DMF to the PVdF -NH 4 F polymer electrolytes containing different concentrations of salt. These electrolytes contain different concentrations of undissociated salt/ion Figure 4 . From Figure 4 , it has been observed that the conductivity of plasticized polymer electrolytes is higher than that of the unplasticized polymer electrolytes at all salt concentrations, but the increase in conductivity with DMF addition is different at different salt concentration. (i) At low salt concentrations (0 -10 wt%) the increase in conductivity with DMF addition is small and is nearly one order of magnitude because the amount of undissociated salt shall be very small and ion aggregates may also not be present at such low salt concentrations as discussed above. The small increase in the conductivity with DMF addition may be due to an increase in amorphous content alongwith the dissociation of undissociated salt due to an increase in the overall dielectric constant of the electrolyte.
(ii) At medium salt concentration (10 -30 wt%), the increase in conductivity with DMF addition is by two orders of magnitude. In this concentration range, some undissociated salt and ion aggregates shall be present. The addition of plasticizer (DMF) increases the dielectric constant of the electrolyte, which results in the dissociation of ion aggregates and undissociated salt leading to an increase in the number of charge carriers (n) and hence conductivity increases. (iii) At high salt concentration (30 -40 wt%), an increase of conductivity by three orders of magnitude has been observed with DMF addition. This could be explained to be due to the fact that more and more ion aggregates/undissociated salt shall be present and their dissociation with the addition of plasticizer leads to an increase in number of charge carriers and hence conductivity increases.
The role of DMF in the dissociation of ion aggregates and undissociated salt present in polymer electrolytes was also checked by "mass action consideration" as discussed in unplasticized polymer electrolytes 38 . The variation of log ó and log C was studied for plasticized polymer electrolytes PVdF+xNH 4 F+DMF having different salt concentrations and constant plasticizer (DMF) content and the results are shown in Figure 5 . For comparison the results of the variation of log σ vs. log C for unplasticized polymer electrolytes PVdF+NH 4 F are also included in Figure 5 . In Figure 5 , A linear straight-line behaviour has been observed at low salt concentrations for unplasticized PVdF+NH 4 F polymer electrolyte, which suggests the absence of ion aggregates at such low salt concentrations. But at higher salt concentrations, a deviation from the linear behaviour is observed, which suggests the presence of ion aggregates at higher salt concentration. For The increase in conductivity with DMF addition is mainly due to the dissociation of ion aggregates/undissociated salt present in unplasticized polymer electrolytes which results in an increase in the number of free ions (n) and hence conductivity increases. If it would have been due to an increase in amorphous content alone, then the variation of log ó vs. log C for plasticized PVdF+NH 4 F polymer electrolytes would have been similar to that observed for unplasticized polymer electrolytes. But the behaviour observed in the present case is different. This supports the fact that the addition of plasticizer with dielectric constant more than the polymer helps in the dissociation of ion aggregates and undissociated salt 45 .
Conductivity of unplasticized and plasticized polymer electrolytes containing 30 wt% NH 4 F and plasticized with DMF (equivalent to 80 wt.% of polymer) was also measured as a function of temperature in the 20 -120 o C temperature range. The variation of log conductivity with reciprocal temperature is given in Figure 6 . From Figure   6 , It has been observed that the conductivity increases with an increase in temperature for unplasticized PVdF+30wt%NH 4 F as well as for plasticized PVdF+30wt%NH 4 F+80wt% DMF polymer electrolytes. Conductivity of plasticized polymer electrolytes is higher than that of corresponding unplasticized polymer electrolytes at all temperatures by two orders of magnitude. The change in conductivity with temperature is small over the whole temperature range o C) studied, which is desirable for their practical applications in devices like solid state batteries, fuel cells, electrochemical devices, supercapacitors etc.
CONCLUSIONS
Maximum ionic conductivity of 1.17 x 10 -7 S/cm at room temperature has been observed for unplasticized polymer electrolytes containing 10wt% NH 4 F. Salt is fully dissociated at low concentration and ion aggregates are present at higher concentrations of salt. The conductivity of unplasticized polymer electrolyte has been observed to increase by nearly three orders of magnitude from 10 -7 -10 -4 S/cm with the addition of DMF as plasticizer. The large increase in conductivity has been explained to be due to the dissociation of undissociated salt/ion aggregates present in the polymer electrolytes with the addition of plasticizer (DMF). Maximum conductivity of 1.26 x (white circle) wt% DMF 10 -4 S/cm has been observed for plasticized polymer electrolytes PVdF+30wt%NH 4 F+80wt% DMF. The variation of conductivity with temperature shows a small change which is suitable for their use in practical applications.
